INTRODUCTION
A hallmark of retroviral infection is insertion of the reversetranscribed viral genome into the host genome of the target cell (for reviews see refs. [1] [2] [3] . This step is catalyzed by a virally encoded enzyme, integrase (IN), which is the only viral protein required (4, 5) . IN catalyzes three reactions: specific cleavage of 2 bases from each end of the viral long terminal repeats (LTRs) (3' processing) and strand transfer of the processed viral DNA into the randomly cleaved host DNA (joining), which together comprise the integration reaction (6) (7) (8) (9) (10) (11) ; and resolution of the recombination intermediate back into its constituent parts (disintegration) (12) . IN is a non-sequence-specific DNA binding protein (13) (14) (15) (16) .Itisalsoa component of the viral nucleoprotein complex that is transported to the nucleus of the cell where the integration reaction takes place (17) (18) (19) . Kinetic studies have demonstrated that IN is an enzyme capable of multiple turnover and is likely to exist functionally as a dimer (20) . A number of conserved amino acid motifs have been observed among retroviral IN sequences, including a putative zinc finger at the N-terminus (21) , and an array of amino acids termed DD(35)E in the central region which has been implicated in enzyme function since it is conserved among retroviral integrases and retrotransposons (22, 23) .
We previously constructed clones expressing the full-length as well as the N-terminal and C-terminal portions of HIV-1 IN in E.coli, and demonstrated using a Southwestern blot assay that the C-terminal portion of the IN protein containing amino acids 154-288 was capable of binding DNA (16) . This deleted IN protein does not contain either the zinc finger-like motif or the DD(35)E region. The observed DNA binding is not sequencespecific and may play a role in the IN-catalyzed random cleavage of host DNA during retroviral integration. The amino acid sequence of the C-terminal half of IN is not well conserved among retroviral IN sequences (21, 22) , however, this portion of the protein is highly basic. In order to more clearly define this DNA binding domain, a series of clones was constructed in which portions of the 3' nucleotide sequence of HIV-1 IN were deleted. The resultant proteins were expressed in E. coli and were analyzed for retention or loss of DNA binding. Identification of the region(s) of the protein responsible for DNA binding will allow further refinement of the model of the integration reaction and provide a potential site for interference with the integration process.
METHODS

Construction of plasmids expressing deleted HTV-1 IN proteins
The cloning of pHIP106 (full-length IN), plE4 (N-terminus of IN) and p2E3 (C-terminus of IN) has been described previously (16) . pHIP106 was used as a template in the polymerase chain reaction (PCR) to construct the deletions using the following primers [all nucleotide (nt) numbers are according to Ratner (24) ]: pINl-263, nt 4598-4577 on the non-coding strand; pINl-248, nt 4553-4532 on the non-coding strand; pINl-180, nt 4349-4328 on the non-coding strand; pIN 154-288, nt 4269-4291 on the coding strand; pIN170-288, nt 4317-4341 on the coding strand. In clones designed to express IN beginning with amino acid 1, a second primer containing nt 3810-3833 on the coding strand was used; in those ending with amino acid 288 a second primer containing nt 4676-4651 on the non-coding strand was used. All primer pairs were designed to produce a termination codon in the PCR product. PCR and cloning of the products into the vector pWS50 [which expresses proteins with 13 amino acids of the XcII protein fused to the N-terminus (25)] was performed as described (16) . DNA was transfected into E.coli TAP106 (26) . The vector-insert junctions were sequenced as described (27) . Clones are named as pINx-y where X and y specify the amino acids of IN encoded by the clone.
A clone coding for IN fused to /3-galactosidase (/3-gal), pHIP108, was isolated as a spontaneous mutation in the same transfection that originally produced pfflP106. A deletion of 7 nt from the 3' end of the IN coding sequence resulted in loss of the 2 C-terminal IN amino acids and a frameshift into the /3-gal reading frame. To delete most of the /3-gal sequence, pHIP108 was digested with BamHl and Sstl, treated with mung bean nuclease, religated and transfected as above. The resultant clone, pHIP108Al, produces a protein containing IN amino acids 1 -286 (missing the last two amino acids of IN) fused at its Cterminus to the N-terminal 16 amino acids of /3-gal.
Expression and immunological analysis of cloned proteins
Ampicillin-resistant colonies were screened for protein expression as described (28) , and Marcus-Sekura, C.J., manuscript in preparation)] (clones pIN154-288, pIN170-288, pHIP108Al) as the primary antibody; pWS60, which expresses a XcII-/3gal fusion protein (25) , was the negative control. Positive colonies were grown in L-broth with 50 /tg/ml ampicillin at 32°C to an OD at 600 nm of 0.6 and then induced at 42°C for 3 hours. Bacteria were pelleted and frozen at -20°C, and octyl glucoside (OG) urea preps were prepared as described (16) . For Western blot analysis, filters were developed as described (26) , using aIN/KNA rabbit sera diluted 1:100.
Southwestern blot analysis of deleted IN proteins
Southwestern blots were performed as described (16) using OGurea preps and denaturation/renaturation of the filter with guanidine-HCl. The probe was an oligonucleotide of HTV-1 U5 LTR sequence [nt 9275-9296 and its complement, concatenated and nick-translated (29)]. Alternatively, filters were probed directly without guanidine denaturation. For antibody blocking experiments, ascites grown from an IN-specific hybridoma (Hll-Bl) was clarified at 2000xg for 30 minutes, diluted 1:1 with ImmunoPure IgG binding buffer (Pierce), and filtered through a 0.45/* filter (Millex HA) followed by a 0.22/t filter (Millex GV). Filtered ascites was loaded onto an ImmunoPure Plus protein A column (Pierce) and eluted with 150 mM Tris-HC1 pH 7.5. Peak fractions from several runs were pooled. Antibody concentration was determined by measuring absorbance at 280 nm (for IgG, a 1 mg/ml solution has an absorbance at 280 nm of 1.4). Aliquots of OG-urea preps of pIN 154-288 and pWS60 were electrophoresed in triplicate on 16% SDSpolyacrylamide minigels, blotted to nitrocellulose, and denatured with guanidine-HCl. One-third of the filter was treated as a standard Southwestern blot and probed with U5 oligo; one-third was blocked, pre-incubated with affinity-purified Hll-Bl MAb [10 times as much MAb (determined by OD at 280 nm) as expressed IN protein visually estimated to be contained in a lane on the gel], washed and incubated with DNA probe; and onethird was blocked, pre-incubated with antibody buffer (150 mM Tris-HC1 pH 7.5), washed and incubated with probe. performed by lysis with octyl glucoside and solubilization in urea to produce preparations referred to as OG-urea preps. Each clone expresses a protein which, upon electrophoresis through 16% SDS-polyacrylamide gels, migrates as a major band at the predicted molecular weight of the fusion protein ( figure 2A ). figure 2B ). Bands corresponding to these molecular weights are not seen in the negative control pWS60 (figure 2, lanes 9A and 9B). An additional band is seen in pIN 154-288 beneath the main band (figure 2, lanes 7A and 7B) at the same level as the band in p2E3 (figure 2, lanes 6A and 6B); this is presumably due to initiation at met 154 rather than in the vector even though the Shine-Dalgarno sequence upstream of met 154 (30,31) is not present in this construct. This internal initiation product is also translated from pHIP106 (figure 2, lanes 3A and B); its production by pHIP108Al varies in different preparations.
RESULTS
Cloning and expression of deleted HIV-1 IN proteins in E.coli
Analysis of IN C-terminal deletions for DNA binding activity
The deleted IN proteins were examined for their ability to bind DNA in a Southwestern blot assay using aliquots of OG-urea preps containing similar amounts of the cloned IN proteins. Proteins expressed by pIN 1-263 and pIN 1-248 retained DNA binding activity ( figure 3B, lanes 3 and 4) . The band intensity was less than that of pHIP106; however, conclusions about quantitative binding comparing different proteins probably cannot be drawn from this assay (32 We also cannot entirely rule out the possibility that regions outside the domain, while not directly involved in DNA binding, induce conformational changes in the protein when deleted; however, the fact that we can delete from both ends of IN and retain DNA binding argues against long-distance interactions. For each clone, multiple blots with different OG-urea preparations were run to overcome any variability in protein renaturation on the blot (13, 32) . Since the samples being analyzed are not purified to homogeneity, it is not unexpected that some E.coli proteins which co-purify with the recombinant proteins exhibit DNA binding, causing background bands on the blot. For example, the band at approximately 10 kDa which is present in all lanes (including the pWS60 control) and is not reactive with the IN-specific rabbit antiserum (figure 2B) has been observed previously (16) . However, since these contaminants are not of the predicted sizes To ascertain the effect of correct protein folding on the ability of the proteins to bind DNA, a Southwestern blot was performed in which the guanidine denaturation and stepwise renaturation were omitted. The filter was blocked and probed directly following blotting (figure 4). IN proteins from clones pHIP106, pHIP108Al, pIN154-288, and pIN170-288 were still able to bind DNA (lanes 1A, 2A, 7A, and 8A), whereas proteins from pINl-263, pINl-248, and pINl-180 were not (lanes 3A, 4A, 5A, and 6A). Overexposure of the filter ( figure 4B) revealed faint  bands for the pIN 1-263 and pIN 1-248 proteins (lanes 3B, 4B, and 5B). One possible explanation for this observation is that the loss of amino acids 263-288 at the C-terminus of the protein may affect the stability of the tertiary structure resulting in more difficulty in refolding, thereby inhibiting DNA binding. Proteins containing these amino acids may renature more readily and assume the appropriate conformation for DNA binding without requiring stepwise renaturation after blotting.
Effect of an HTV-1 IN monoclonal antibody on DNA binding
In an attempt to block DNA binding, a monoclonal antibody specific for the C-terminus of HFV-1 IN was employed to determine if the observed DNA binding domain and the epitope recognized by the MAb (amino acids 264-279) overlap. A filter was prepared for a standard Southwestern blot but was preincubated with affinity-purified MAb prior to incubation with the DNA probe. Under these conditions, in which we have determined by Western blot that the IN MAb (1:100 dilution) binds to the renatured protein, and at a higher concentration of MAb (10 fold excess of MAb to protein loaded on gel, effective dilution 1:8), the MAb did not inhibit or enhance DNA binding by IN ( figure 5, lane IB compared to 1C) . In a variation, the filter was preincubated with the MAb, followed by incubation with a mixture of DNA probe and MAb; the result was the same (data not shown). This supports the data from the Southwestern blots performed with the deleted proteins which indicated that amino acids downstream of 248 are not strictly required for DNA binding. Although the extreme C-terminus of IN may be important structurally to maintain proper protein conformation (see previous section), it may not contribute to the binding site itself since the presence of the antibody did not inhibit DNA binding.
DISCUSSION
Based on data indicating the existence of a DNA binding domain in the C-terminus of IN (16), we constructed clones containing deletions in this region to identify the required sequence elements for binding. The C-terminal amino acid sequence of IN is not as well conserved among retroviruses as the N-terminus (22), and examination of the sequence did not reveal any obvious DNA binding motifs. An array that is similar to the SV40 T antigen nuclear localization signal (pro-arg-arg-lys-ala-lys, amino acids 261 -266) is present. The C-terminal region is basic with a net charge of +11 (amino acids 154-288) compared with a charge of -1 for the N-terminus (amino acids 1 -154). Analysis of the IN proteins produced by the deletion clones for DNA binding by Southwestern blot indicated that 40 amino acids could be deleted from the C-terminus and the protein could still bind DNA (clones pINl-263 and pINl-248). However, deletion of 108 amino acids produced a protein that lost its DNA binding capability (clone pINl-180). Deletion of 16 amino acids from the N-terminus of the protein expressed by clone pIN 154-288 produced a protein that was not impaired in its DNA binding ability (clone pIN 170-288). It can be concluded that a DNA binding domain lies within amino acids 180-248. The nuclear targeting-like sequence is not present in this domain; however, this region contains an arrangement of 9 lys and arg residues which are each separated by 2 to 4 amino acids (KxxxKxxxKxxxxRxxxRxxRxxxxKxxxKxxxK), spanning amino acids 211 through 244. These 9 lys and arg residues are conserved among HTV-1 isolates, and there is a similar array of 7 lys and arg residues conserved among HTV-2 isolates and SIV (33) . This basic amino acid grouping may potentially be involved in the observed non-sequence-specific DNA binding.
Use of a monoclonal antibody specific for HTV-1 IN whose epitope has been mapped to amino acids 264-279 in an antibodyblocking Southwestern blot did not affect DNA binding. This supports the data obtained using the deletion clones that places a binding domain upstream of amino acid 248. Additionally, the fact that the binding of a large antibody molecule to the protein did not disrupt DNA binding implies that the antibody and DNAbinding regions are distinct or separated structurally in the properly folded protein. Further support for the dispensibility of the extreme C-terminus with respect to DNA binding lies in the results obtained with protein expressed by pHTP108Al which bound DNA as efficiently as the pHIP106 protein, indicating that the presence of 16 extra amino acids either did not change the folding of the C-terminus, or did so without interfering with DNA binding. This C-terminal region downstream of amino acid 248 may facilitate proper refolding of the protein so that it can bind DNA; in Southwestern blots that omitted the denaturation and renaturation steps, the cloned proteins containing the C-terminal 40 amino acids retained their DNA binding ability, while those in which these amino acids had been deleted lost that ability.
The active site of IN is probably located in the N-terminus or central region since these parts of the protein contain amino acids highly conserved among retroviral IN proteins (22, 23) , and loss of enzyme activity has been associated with mutations in these residues (23, (34) (35) (36) (37) (38) (39) . The C-terminus may be responsible for the non-catalytic functions of IN such as binding to target DNA, maintaining tertiary structure, protein-protein interactions involved in dimer formation, and formation of the nucleoprotein complex that transports the viral DNA into the nucleus of the infected cell (18) . A model of the integration reaction proposes that there may be separate DNA binding sites for viral and target DNA (39) . If the viral LTR ends are being held near the active site at one binding domain, then a non-sequence-specific DNA binding domain, such as one we and others (13) (14) (15) (16) have observed in the C-terminus, would be available for random binding to the target DNA of the host genome. Alternatively, one DNA binding site on IN could be responsible for binding both the viral and target DNAs, with each component of an IN dimer contributing a site.
